Microbes associated with marine sponges are considered important producers of bioactive, structurally unique polyketides. The synthesis of such secondary metabolites involves type I polyketide synthases (PKSs), which are enzymes that reach a maximum complexity degree in bacteria. The Haplosclerida sponge Arenosclera brasiliensis hosts a complex microbiota and is the source of arenosclerins, alkaloids with cytotoxic and antibacterial activity. In the present investigation, we performed high-throughput sequencing of the ketosynthase (KS) amplicon to investigate the diversity of PKS genes present in the metagenome of A. brasiliensis. Almost 4,000 ketosynthase reads were recovered, with about 90% annotated automatically as bacterial. A total of 235 bacterial KS contigs was rigorously assembled from this sequence pool and submitted to phylogenetic analysis. A great diversity of six type I PKS groups has been consistently detected in our phylogenetic reconstructions, including a novel and A. brasiliensisexclusive group. Our study is the first to reveal the diversity of type I PKS genes in A. brasiliensis as well as the potential of its microbiome to serve as a source of new polyketides.
M
any marine sponges are known as bacteriosponges because they host dense microbial communities (1, 2) . The advent of massively parallel 16S rRNA gene tag pyrosequencing (3) (4) (5) led to the discovery that the bacterial communities in marine sponges are highly diverse, almost exclusively found in sponges, and mostly (approximately 72%) species specific (3, 6) .
The synthesis and/or accumulation of secondary metabolites by marine sponges or their symbionts may provide chemical defenses against pathogens, predators, and competitors (7) . These secondary metabolites may also act as chemical mediators and can therefore be considered key factors in the coevolution of sponges and their symbiotic microbiome (8, 9) . Sponges from the order Haplosclerida, for example, are a source of a variety of bioactive polycyclic alkaloids (10) . The prototypical sponge-derived alkaloid manzamine A, which has potent antimalarial activity (11) , was found in several geographically and taxonomically unrelated haplosclerid sponges; these observations strongly suggested that manzamine A has a symbiotic origin. A patent has reported the production of manzamine A by an actinobacterium (Micromonospora sp. strain M42) isolated from the sponge Acanthostrongylophora sp.; however, no biosynthetic gene cluster has yet been reported for this actinobacterium (12) . The synthesis of structurally complex Haplosclerida alkaloids is putatively derived from the head-to-tail addition of 3-alkylpiridine (or 3-alkylpiperidine) precursors that originate from a modular polyketide synthase (13) (14) (15) . Until now, these enzymes have been found exclusively in microorganisms.
Polyketide synthase (PKS)-derived secondary metabolites, such as the Haplosclerida alkaloids, are products from the successive condensation of acyl coenzyme A (acyl-CoA) thioesters (16) . In bacteria, type I PKSs demonstrate higher complexity as multifunctional and modular enzymes that work in an assembly line fashion to perform the synthesis of complex polyketides. Bacterial modular PKSs can belong to two phylogenetically unrelated groups, which diverge mainly by the presence (cis) or absence (trans) of the acyl-transferase (AT) domain in the extender modules (17) .
Phylogenetic analysis of ketosynthase (KS) domains has revealed that modular type I PKSs evolved by duplication but diversified mainly by recombination reprogramming of these and other functionalities (18) . KS phylogenetic analysis also showed that the unconventional trans-AT subtype evolved independently of the cis-AT type I PKSs, which possibly implicates horizontal gene transfer and recombination events (19) . KS phylogenies have been used to effectively estimate diversity and to precisely dissect type I PKSs from complex metagenome backgrounds (20) (21) (22) (23) (24) . In a systematic investigation, 150 KS sequences from metagenomic DNA of 20 different demosponges were analyzed, and a sponge-specific PKS group, which is termed symbiont ubiquitous type I PKS (Sup) and is involved in the synthesis of methyl-branched fatty acids, represented 88% of the cloned sequences (23) . In addition, modular cis-and trans-AT PKSs, which are typically related to the production of bioactive compounds, were detected at low frequencies. Similarly, both the PKSs in hybrid nonribosomal peptide synthetase (NRPS)-PKS systems and the FAS-like type I PKSs (RkpA and WcbR) related to the synthesis of capsular lipopolysaccharide were detected at low frequencies (23) . Orthologs of the RkpA gene and those of rifamycin synthases were also detected by phylogenetic analysis of KSs recovered from alphaproteobacterial (25) and actinomycete (Salinospora) sponge isolates (21) .
Efforts to estimate the diversity of PKS systems in sponge holobionts have relied mainly on plasmid cloning strategies, which may lead to underestimations as a result of the cloning process. An exception is the study of the large-scale sequenced PKS amplicons from Cacospongia-associated Poribacteria (26) . Moreover, there is a lack of studies on the PKS diversity in sponge species endemic to the southern Atlantic Ocean. One example of an understudied sponge species is Arenosclera brasiliensis, which is the source of cytotoxic and antibacterial complex alkaloid arenosclerins A to C (27, 28) . Here, we report an analysis of PKS gene diversity in the A. brasiliensis microbiome conducted by means of massive parallel pyrosequencing and a comprehensive phylogenetic analysis of KS amplicons. We also determined the taxonomic signature of the recovered KS contigs.
MATERIALS AND METHODS
Sample collection and DNA isolation. Specimens of A. brasiliensis were collected at João Fernandinho's Beach, which is located in the Búzios peninsula in the state of Rio de Janeiro (22°44=49==/41°52=54==W), during two expeditions in May 2010 and January 2011. Sponge specimens were transported under controlled temperature (24°C) in aerated seawater for approximately 3 h and then washed and processed for total DNA extraction exactly as previously described (29) . Briefly, samples were set on sterile seawater for 5 to 10 min, dissected with a sterile scalpel, dried by gently pressing on sterile paper towels, and ground in liquid nitrogen. Approximately 1 g of ground tissue was used for DNA extraction and purification with 4 M guanidine hydrochloride buffer followed by phenol-chloroform.
KS PCR amplification and pyrosequencing. The ketosynthase (KS) gene fragment was amplified from three samples of A. brasiliensis metagenomic DNA (Ab1, Ab2, and Ab5). Reactions were performed as previously described (20, 30) . We used 0.1 g of the template DNA and the degenerated primer pairs KSDPQQF (5=-MGN GAR GCN NWN SMN ATG GAY CCN CAR CAN MG-3=)/KSHGTGR (5=-GGR TCN CCN ARN SWN GTN CCN GTN CCR TG-3=), KSF2.i (5=-GCI ATG GAY CCI CAR CAR MGI VT-3=)/KS5R.i (5=-GTI CCI GTI CCR TGI SCY TCI AC-3=), and KSF2.gc (5=-GCS ATG GAY CCS CAR CAR CGS VT-3=)/KS5R.gc (5=-GTS CCS GTS CCR TGS SCY TCS AC-3=). The products from 10 PCRs with each DNA template were then combined and gel purified using the QIAquick gel extraction kit (Qiagen). Finally, ϳ500 ng of the purified KS amplicons (ϳ750 bp in length) were sequenced by the 454 pyrosequencing methodology (31) using GS-FLX TITANIUM chemistry with the GS-FLX instrument (Roche Applied Science).
KS sequence assembling and comparisons. The sequences obtained were assembled with Newbler (software package for de novo DNA sequence assembly) using highly stringent conditions, including a minimum alignment length of 100 nucleotides and at least 99% similarity. For querying KS sequences, we built a hidden Markov model (HMM) single profile by aligning 80 KS sequences from type I PKS enzymes that had been retrieved from the Uniprot database (32) using the MEGA5 software (33) and HMMER version 3 software (34). In parallel, A. brasiliensis contigs and the remaining singletons were translated in all six reading frames using the Transeq software available in the European Molecular Biology Open Source Suit (Emboss) (35) . Finally, the translated database was queried for the KS HMM profile with an E value of 10 Ϫ10 . We used the special blast tool in order to search for conserved domains (http://www .ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi). The recovered sequences were queried against the NCBInr (nonredundant) protein database of the NCBI using the BLASTp for confirmation of KS identity. Additionally, more than 200 Mb of A. brasiliensis-derived shotgun pyrosequencing data (29) was screened for KS sequences. To access the rare KS sequence, we assembled all of the sequencing data (samples Ab1 to Ab7) with Newbler (version 2.6) using stringent parameters, including a minimum alignment of 60 nucleotides and at least 95% similarity. The generated contigs and singletons were then screened using the designed KS single profile at HMMER, as described above. KS sequences before and after assembling were submitted to MG-RAST (36) . The potential of these sequences to be associated with known metabolic functions was tested using the UniprotTrEMBL database with a maximum E value of 10 Ϫ5 . The functional annotation results were then compared.
Phylogenetic reconstruction and taxonomic assignment. KS sequences were aligned in MEGA5 (33) . The resulting alignment was used for neighbor-joining (NJ) and maximum likelihood (ML) grouping with 1,000 and 100 bootstrap replicates, respectively. All KS sequences were queried using BLASTp (E value of 10 Ϫ5 ) against the GenBank Microbe Genomes database (22 September 2011 version) and nonredundant GenBank database. The identity values of the best scores were retained for each bacterial phylum/class.
Nucleotide sequence accession numbers. The raw input and the assembled sequences of KS amplicon pyrosequencing data are available at the MG-RAST server under project "Arenosclera brasiliensis_PKS diversity." The sequence data of A. brasiliensis metagenomes is also available under project "Arenosclera brasiliensis_Metagenome" (29) . The sequences of KS contigs were deposited into GenBank under accession numbers JX012425 to JX012657 (contigs from amplicon pyrosequencing) and JX945643 (contig from sponge metagenome shotgun pyrosequencing). 
RESULTS AND DISCUSSION
To estimate the diversity of PKS genes, ketosynthase genes were amplified from metagenomic DNA of three A. brasiliensis specimens. Thereafter, the amplified products were pyrosequenced, generating approximately 40 Mb of sequence data. The reads from each KS metagenome (MG_KS1-3) had an average length of 269 bp and were assembled to form contigs with a maximum size equal to that of the purified amplicon bands (600 to 800 bp) (see Table S1 in the supplemental material). The number of contigs formed, the amount of reads assembled, and the number of contigs from each metagenome used in phylogenetic analysis are detailed in Table S1 in the supplemental material. Both the assembled and unassembled KS metagenomes were taxonomically and functionally annotated using the MG-RAST server (Fig. 1) . The taxonomic annotation assigned more than 90% of data as bacterial sequences, and functional annotation generated a vast majority of hits for the ketosynthase domain or associated nomenclature (i.e., polyketide synthase, ␤-ketoacyl synthase) (Fig. 1A and B) . These results confirmed the specificity of our PCRs and the high quality of the assemblage.
PKS diversity. In parallel to the MG-RAST annotation, we screened the metagenomic data for the generated HMM KS profile and recovered a total of 3,936 KS contigs. Of the 314 contigs signed as eukaryote at MG-RAST (Fig. 1A) , only a subset of 262 sequences was validated as ketosynthase gene fragments. Interestingly, a blast search of these KS sequences against the nr database revealed that more than 60% of the top 10 best hits obtained were assigned to bacteria (see Fig. S1A in the supplemental material). The prevailing classes were Proteobacteria (61%), Actinobacteria (16%), and Cyanobacteria (14%) (see Fig. S1B in the supplemental material). The differing annotation results of our blast searches might reflect the weak taxonomic signal of the query KS sequences, as well as the bias intrinsically associated with both the MG-RAST and GenBank's nr databases. However, considering that the nr database is bigger, our results suggest that these KS sequences might be derived from bacteria. Nevertheless, such PKS sequences might also be acquired by eukaryotes via lateral gene transfer events with bacteria as the donor. BLAST searches of eukaryotic sequences from A. brasiliensis metagenomics resulted in automatically annotated hits of alveolata and fungi genomes or KS genes of unknown pathways (37) .
Only the sequences annotated as bacteria were included in our phylogenetic analysis. A total of 235 of these KS contigs encoded uninterrupted protein sequences of at least 150 amino acids; these results demonstrated that the quality of the data was high and sufficient for further phylogenetic analysis. These contigs also revealed the presence of conserved cysteine and histidine residues in the catalytic triad (CHH) of active KS domains from type I PKSs (38, 39) as well as the primer-attaching conserved motifs DPQQR and HGTGT (40, 41) (see Fig. S2 in the supplemental material). The 235 KS contigs were aligned with 47 KS domains from reference PKS systems as well as 226 other KS sequences previously recovered from sponge-microbe association studies (see Table S2 in the supplemental material). The total alignment of 508 sequences was then used for neighbor-joining (NJ) and maximum likelihood (ML) phylogenetic reconstruction. Both methods generated topologically similar trees, although the ML topology was more robust and presented higher bootstrap values (Fig. 2) . Based on the reference KS sequences, we detected that our amplicons fell within all six KS groups in the phylogenetic (ML) reconstruction ( Fig. 2 ; the PKS type II outgroup is in black). This result demonstrates the large variety of type I PKS enzymes present in these samples ( Fig. 2; sequences from A. brasiliensis are labeled in gray).
In order to determine the closest taxonomic neighbors of the bacterial KS contigs recovered, each aligned KS sequence was blasted against GenBank's microbial genome database. The values of identity that were obtained varied between 46 and 96%, and a high level of similarity was obtained (82%) for the A. brasiliensis KS contig (meta_2_contig00168_4, meta_2_ contig00109_1) toward Mycobacterium marinum and Agrobacterium vitis (see Table S2 in the supplemental material). The average best-identity scores were approximately 60% (see Table S2), which enabled identification at the level of family or a higher taxonomic rank.
Sup group. Approximately 54% of the publicly available spongederived KS amplicons (122 sequences) are grouped into the symbiont ubiquitous PKS group (Sup) (Fig. 2, marked in yellow) . Only two (0.8%) of the KS sequences (meta_2_contig00100_1 and meta_2_ contig00196) amplified from the A. brasiliensis metagenomes fell within this clade. These observations were in opposition to the previously observed dominance of Sup-like PKS clones (84%), which was reported for the metagenomes of 20 different sponge species (23) . Such discrepancies may reflect the relative abundance of the microbial community containing the Sup PKS genes. Once we excluded plasmid-cloning artifacts and performed our analyses in triplicate (pyrosequencing KS amplicons from three A. brasiliensis specimens), the possibility that any KS amplicon had been favored during our sequencing protocol was low. Therefore, a more convincing explanation would be that A. brasiliensis belongs to a group of Demospongiae in which the Sup PKS-containing microbes, such as Poribacteria (42, 43) , are not as abundant. Finally, taxonomic assignment of the sequences revealed that three internal groups of Sup contained KS domains that showed higher similarities to regions within Mycobacterium genomes (Fig. 2, internal bars 1 to 3) .
Cis-AT-PKS group. Following the ML topology counterclockwise, we found that 26 (11%) of the A. brasiliensis KS sequences grouped within the KS domains from the typical cis-AT type I PKSs (Fig. 2, marked in dark green) . Additionally, 46 recovered KSs (19.5%) formed minor clades with other sponge-derived KSs (20, 23) that were also phylogenetically related to the cis-AT PKS systems (Fig. 2 , clades in light green; see also Table S2 in the supplemental material).
Approximately 19.6% of such A. brasiliensis-derived KS contigs were closely related to actinobacterial KS sequences (Fig. 2, internal bar 5 ; see Table S2 in the supplemental material). Actinobacteria, particularly the species belonging to the order Actinomycetales, are known to be a source of cis-AT PKS systems, including those involved in the synthesis of clinically Abbreviations: Cy, cyclization; A, adenylation; KS, ketosynthase; KR, ketoreductase; TE, thioesterase; and E/L, esterase-lipase. The thiolation domains are shown as small black bubbles. In gray, the PKS module split between the putative PksN1 and PpsE2 PKSs is illustrated. Microbial-BLAST searches querying the KS contigs from the new PKS group, consisting only of A. brasiliensis, returned the sequence of the PksN1 KS4 domain (the only one in gray) as the best hit. validated antibiotics as well as of several cis-AT PKS systems that remain unexplored (44) . The production of manzamine A, an alkaloid found in several haplosclerid sponges, has been assigned to an Actinomycetales strain of the genus Micromonospora (12) . Furthermore, our previous metagenomic analysis indicated that Actinobacteria was one of the most abundant bacterial phyla in the microbiome associated with A. brasiliensis (29) . Therefore, it is reasonable to suggest that A. brasiliensis-associated Actinobacteria communities might be responsible for the production of secondary metabolites as well as of bioactive polyketides.
A subgroup of A. brasiliensis-derived KS contigs showed the greatest similarity to deltaproteobacteria genomes (Fig. 2, internal  bar 9 ). This subgroup also formed a well-supported (bootstrap of 98%) monophyletic group with KS domains from the myxobacterial NRPS-PKS hybrid routes, which have specificities for unusual starter units (Fig. 2, highlighted in gray, and Fig. 3 ). Three additional internal clusters were related to Cyanobacteria (Fig. 2 , internal bars 4, 6, and 7); together, a total of five clusters were assigned to a specific bacterial phylum.
Novel PKS cluster. Our phylogenetic reconstructions also consistently grouped 59 of the recovered KSs from A. brasiliensis (25%) into a monophyletic group (Fig. 2, group colored in pink) . This group, consisting only of A. brasiliensis KSs, was maintained in spite of the inclusion of KSs from other known cis-and trans-AT PKS and NRPS-PKS hybrid systems, as well as the FASlike PKSs involved in the biosynthesis of polyunsaturated fatty acids (PUFA) (45) , enediynes (46) , and cyanobacterial heterocysts (47) (see Fig. S3 in the supplemental material).
A substantial portion (69%) of the KS contigs that formed this novel PKS cluster showed great similarity to deltaproteobacteria, particularly the fourth KS domain encoded by the gene pksN1 (YP_005369384) from the myxobacteria Corallococcus coralloides DSM 2259 (Fig. 2, internal bar 8 ; see also Table S2 in the supplemental material) (48) . The pksN1 encodes an unusual NRPS-PKS hybrid protein with at least 15 identifiable catalytic domains that could be organized into four active modules (Fig. 3) . The fourth KS (KS4) domain of the putative PksN1 megasynthase stands alone at the protein's carboxyl terminus (Fig. 3, KS in gray) . Downstream of pksN1, the gene ppsE2 encodes a PKS-bearing protein that contains four catalytic domains and hypothetically creates a module with PksN1 KS4 (Fig. 3, hypothetical module in  gray) . In silico analysis suggested that the PksN1 NRPS module loads and cyclizes a cysteine residue, leading to a thiazoline-bearing hypothetical metabolite that has yet to be isolated from any Haplosclerida sponge.
FAS-like type I PKS cluster. Another 6% of the recovered KS contigs were closely related to either the KS domain in the RkpA and WcbR reference PKSs or to the RkpA-orthologous environmental KS sequences previously discovered (23, 25, 43) (Fig. 2 , dark blue cluster; see Table S2 in the supplemental material). In fact, eight KS contigs that were more similar to the alphaproteobacterial genomes grouped corroboratively with RkpA-like sequences from Pseudovibrio sp. with a bootstrap support value of 89 (Fig. 2, internal bar 10 ; see also Table S2 ).
The capsular polysaccharide (KPS) synthesized by the rkpABCDE operon has been shown to be a determining factor in both symbiotic (49) and pathogenic (50) bacteria-host interactions. The repetitive isolation of rkpA homologues from sponge metagenomes supports the long-standing hypothesis that capsule production may function as a critical factor for sponge-associated bacteria to escape recognition and phagocytosis by host cells (51) .
Trans-AT PKS group. A total of 58 contigs recovered from A. brasiliensis (approximately 24%) grouped with the KS domains from characterized trans-AT type I PKS routes as well as other sponge-derived sequences that had previously been related to these PKS systems (Fig. 2 , group marked in red; see Table S2 in the supplemental material). Twenty-four of such contigs (40%) formed robust clusters (bootstrap values above 60) with the KS domains from Burkholderia, including RhiKS4 and TaiKS2; RhiKS4 and TaiKS2 are known to be involved in the production of the anticancer compound rhizoxin (52) and the synthesis of thailandamides (19) , respectively (Fig. 2) . Interestingly, we previously showed that A. brasiliensis metagenomes are enriched for sequences that are taxonomically assigned to Burkholderiales (29) . Most of the taxonomic assignments for the trans-AT type I PKS cluster were assigned to the Firmicutes (44%) and betaproteobacteria (24%) groups (see Table S2 ). However, even the internal, robust clusters within this group could not be assigned to a specific bacterial taxon.
KS domains from the trans-AT PKSs have been shown to group according to their substrate type, independently of being a membership belonging to a specific bacterial taxa (19) . Therefore, the contigs forming the trans-AT PKS cluster were realigned with additional reference KSs of known substrate specificity (Fig. 4) . The new phylogenies revealed the putative specificity of several contigs for different substrates, including double-bonded, reduced ␤-methylated and pyran moieties (Fig. 4) . Although the characterization of an entire trans-AT PKS route would be necessary for an accurate prediction of the chemistry of these compounds, this is another indication that A. brasiliensis microbiome might produce complex polyketides.
NRPS-PKS group. The remaining 21 KS contigs that were recovered (9%) grouped with KS domains that recognized amino acid substrates in the typical NRPS-PKS hybrid systems (Fig. 2 , light-blue cluster). No internal robust clade of this group could be assigned to a particular bacterial phylum.
Finally, a unique KS contig was recovered from approximately 150 Mb of data from the A. brasiliensis shotgun pyrosequencing. This KS-like region clustered with a type II PKS outgroup (Fig. 2 , sequence in orange). In agreement with these observations, the sequence of this putative protein returned greater BLAST hits for fatty-acid biosynthesis-related beta-ketoacyl-acyl-carrier-protein synthase (KAS).
Concluding remarks. The microbiome of the marine sponge Arenosclera brasiliensis harbors a large diversity of type I PKS subtypes. Actinobacteria, Cyanobacteria, Alphaproteobacteria, and Deltaproteobacteria (Burkholderia) were related to subgroups of the PKS subtypes, which implies that these bacteria exchange PKS genes in the sponge holobiont. We also identified a novel type I PKS group containing KS sequences homologous to a KS domain from a putative PKS-NRPS hybrid enzyme in the myxobacterial strain DSM 2259. Therefore, our results enabled the study of a promising biosynthetic gene group from this strain. Our findings contribute to the discovery of new genes for drug production, and they may open new avenues for polyketide production via fermentation processes using culturable strains along with heterologous expression of specific PKS gene cassettes.
